Genes for trehalose metabolism are widespread in higher plants. Insight into the physiological role of the trehalose pathway outside of resurrection plant species is lacking. To address this lack of insight, we express Escherichia coli genes for trehalose metabolism in Arabidopsis thaliana, which manipulates trehalose 6-phosphate (T6P) contents in the transgenic plants. Plants 
Genes for trehalose metabolism are widespread in higher plants. Insight into the physiological role of the trehalose pathway outside of resurrection plant species is lacking. To address this lack of insight, we express Escherichia coli genes for trehalose metabolism in Arabidopsis thaliana, which manipulates trehalose 6-phosphate (T6P) contents in the transgenic plants. Plants T rehalose is an ancient sugar consisting of two glucose molecules alpha-1,1-linked and thus with no reducing ends. It is one of only two nonreducing sugars found widely in nature, the other being sucrose. In bacteria, fungi, and insects, trehalose functions as a storage carbohydrate and protects against a variety of stresses (1) . In plants, this role has been largely replaced by sucrose, although trehalose does protect against desiccation in certain specialized resurrection plants (2, 3) . Absence or trace amounts of trehalose in most plants precludes a role as a reserve or stress protectant.
Since 1998, when genes encoding trehalose pathway constituents were first reported in Arabidopsis thaliana (4, 5) , it has become clear that trehalose metabolism is ubiquitous in plants. There are as many as 11 trehalose phosphate synthase (TPS, EC 2.4.1.15) homologues in A. thaliana (6) . Expression of TPS and trehalose phosphate phosphatase (TPP, EC 3.1.3.12) genes has been detected in all organs tested (4, 5, 7, 8) , and the expression of some displays circadian control (9) . TPS genes in particular are expressed at very low levels [Arabidopsis Functional Genomics Consortium (AFGC) and Genomic Arabidopsis Resource Network (GARNet) Affymetrix databases], including AtTPS1, which is expressed in all tissues (ref. 4 ; A.v.D., H.S., and S.S., unpublished results). Low ubiquitous expression is typical of genes of regulatory metabolisms; the adenylate cyclase gene for cAMP metabolism is an example in yeast (10) . Further, AtTPS1 is essential during embryogenesis (7), suggesting an important role for trehalose metabolism in plants. However, it is unclear whether this essential role is played by the intermediate in the pathway T6P, trehalose, or some other regulatory property of TPS1. A wider role of trehalose metabolism in plants remains largely obscure, although the work of Eastmond et al. (7) did suggest an interaction with sucrose metabolism.
In yeast species including Saccharomyces cerevisiae, T6P plays a critical role in the regulation of carbon flux into glycolysis. Yeast fdp1, cif1, and byp1 mutants, where the primary lesion is in the TPS1 gene (11) (12) (13) , cannot grow on glucose due to unregulated glycolysis, which results in P i sequestration in accumulated phosphorylated intermediates and consequential inhibition of ATP synthesis (14) (15) (16) . T6P inhibits yeast hexokinase II activity in vitro at physiological concentrations (17) , and the tps1 mutant phenotype can be rescued by reducing hexokinase activity by deletion of the ScHXKII gene (18) . In yeast, therefore, T6P is an important component of glycolytic regulation. T6P does not, however, seem to inhibit plant hexokinases in vitro (7, 19) , and the role of this metabolite in plant metabolism remains in question.
We combined biochemical and genetic approaches to address the function of the trehalose pathway in plants. We engineered A. thaliana for expression of genes encoding enzymes of the Escherichia coli trehalose pathway (Fig. 1) , otsA, otsB, treC, and treF. OtsA encodes a TPS, otsB a TPP (20, 21) , treC a trehalose-6-phosphate (T6P) phospho hydrolase (TPH; EC 3.2.1.93) (22) . TreF is the cytoplasmic trehalase (EC 3.2.1.28; ref. 23 ). Expression of E. coli genes in plants has the advantage that enzymes encoded by these genes are unlikely to be subject to endogenous plant regulatory mechanisms. OTSA and OTSB have previously been shown to be active in tobacco plants (24) .
Expression of TPS, TPP, or TPH affected T6P content and phenotype in parallel; expression of active trehalase did neither affect T6P content nor alter development of the plants. Sugar segregation consistent with single locus integration were chosen to produce T 3 seed; only homozygous seed from T 3 or generations beyond T 3 was used for experimentation. T 1 plants containing CaMV35S::otsA were mostly infertile; 11 of 31 plants set seed. Line A19.3 had the strongest phenotype among lines with sufficient seed and two copies of the transgene in a single locus and had high and stable otsA expression over five generations. Line B12.1 has at least three copies of CaMV35S::otsB in a single locus with high and stable otsB expression over five generations. Lines C10.10 and F11.2, expressing treC and treF behind the ethanol switch, also express the transgenes without ethanol induction.
Plant DNA Analysis. Seedling or leaf material was frozen in liquid N 2 , pulverized with glass beads for 2 min at 3,000 rpm in a Dismembranator (Braun, Melsungen, Germany), then DNA extracted by using Pure gene DNA isolation kit (Gentra Systems). PCR detection of wild-type (wt) TPS1 and tps1-2 mutation was with primers RB (GGCTTGTGTGGAACTTAC-TATG) located in the transposon Right Border, tps4d (TGTGAGCGTATGCCTGGAAATAA), and tps47u (AGC-CCATTGTATCCATCTG). Primers tps4d and 47u amplify a 570-bp fragment of wt AtTPS1 that is disrupted by transposon insertion in tps1-2, whereas primers tps47u and RB amplify a 1,056-bp fragment present only in tps1-2.
Metabolite Analysis. Seedlings were grown on plates for 7 days, transferred to the dark for 2 h, then collected, weighed, snap frozen, and ground in liquid N 2 . Powder (50-100 mg of tissue) was extracted in 5 vol 5% perchloric acid on ice for 30 min, then neutralized with 5 M KOH in 1 M triethanolamine and metabolites measured by using enzyme-linked assays as in ref. 28 . Brief ly, glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), glucose-1-phosphate (G1P), and uridine-diphosphate glucose (UDPG) were assayed together in 50 mM Hepes (pH 7) with 5 mM MgCl 2 , 0.25 mM NADP, and 0.12 mM sodium pyrophosphate. Metabolites were measured by sequential addition of 0.1 units each of G6P dehydrogenase, phosphoglucose isomerase, phopshoglucomutase, and UDPG pyrophosphorylase. ATP was measured in 50 mM Hepes (pH 7), 5 mM MgCl 2 , 0.25 mM NADP, 0.8 mM glucose, 0.1 units of G6P dehydrogenase, and 0.1 units of phosphoglucose isomerase. Reaction was started with 0.1 units of hexokinase. Citrate was measured in Tris⅐HCl (pH 7.6), 0.15 mM NADH, 0.04 mM ZnCl 2 , and 0.1 units of malic dehydrogenase, and started with 0.1 units of citrate lyase. All measurements were performed on a dual-wavelength spectrophotometer 340 nm͞410 nm, on 50-to 100-l tissue extract in 1 ml of the above reagents. T6P was extracted from frozen pulverized leaf tissue (1 g fresh weight). Powder was extracted 20 min with 5 ml of 80% boiling ethanol and centrifuged 10 min at 10,000 ϫ g, and the supernatant obtained was vacuum desiccated. The dry sample was extracted with 1.2 ml of boiling 0.1 M NaOH for 1 h and centrifuged 10 min at 13,000 rpm, and the supernatant obtained was neutralized with 12 ml of 200 mM triethanolamine (pH 7.6), then split into two equal portions. One unit of alkaline phosphatase (type IV-S from bovine intestinal mucosa, Sigma), 10 mM MgCl 2 , and 1 mM ZnCl 2 were added to one portion to efficiently remove T6P (zero control) at 25°C for 20 min, followed by 90°C for 45 min and centrifugation to remove the phosphatase activity. T6P was assayed based on inhibition of Yarrowia lipolytica hexokinase (29) ; assays were in quadruplicate on microtiter plates and included an internal standard curve of 0-800 pmol T6P for each sample. S. cerevisiae expressing this hexokinase, but lacking its own, was used (30) . Yeast cake was extracted in 20 mM imidazole buffer by vortexing with glass beads and centrifuged 10 min at 700 ϫ g, and the supernatant was used for hexokinase inhibition assay with 0.2 units of phosphoglucose isomerase, 0.2 units of glucose-6-phosphate dehydrogenase, 1 mM ATP, 0.5 mM NADP, and 0.1 mM fructose final concentration. Assays were linear for 30 min and could resolve T6P levels of less than 50 pmol T6P. Recoveries of T6P were in excess of 80%. Amounts of T6P quantified this way were confirmed by HPLC by using a method modified from ref. 31 . Trehalose was determined as in ref. 24 .
Results
Contrasting Phenotypes Parallel T6P Content. Seedlings expressing TPS with the CaMV35S promoter are dark green with anthocyanin accumulation along the rim of the cotyledons (Fig. 2A) . Rosette leaves of the developing plantlets are smaller and dark green compared with wt ( Fig. 2 B and C) . Mature plants are bushy, and seed set in early flowers is poor except under continuous light. Seedlings expressing TPP or TPH with the CaMV35S promoter have cotyledons that expand and green 1-3 days later than wt and display characteristic bleached areas (Fig.  2 A) . Leaves of the mature plants are lighter green and larger than wt (Fig. 2 B and C) . The mature plants bolt up to 3 wk later than wt and have a pronounced apical dominance (Fig. 2B) . Seed set is plentiful. Seedlings expressing trehalase with the CaMV35S promoter develop extensive roots and primary leaves when grown on 100 mM trehalose compared with wt seedlings, which do not grow on trehalose and accumulate anthocyanin (Fig. 2D ). Seedlings and mature plants expressing trehalase and grown in soil are indistinguishable from wt (Fig. 2B) . The phenotypes of the transgenics therefore center on the metabolism of T6P rather than trehalose, and we proceeded to measure T6P and trehalose. Leaves from wt typically contain 5 nmol T6P per g fresh weight (FW; Fig. 3 ), 20 times less than amounts of G6P (Fig. 5) . TPS expression results in increased T6P content in leaves, typically 2 to 3 times the amount in wt plants with high otsA transcription (line A19.3, Fig. 3 ). Plants expressing TPP and TPH have low T6P levels, typically more than two-fold lower than wt (Fig. 3) . T6P content of trehalase expressors was the same as wt. Trehalose in all plants was less than T6P and below a detection limit of 2 nmol⅐g Ϫ1 FW.
T6P Levels Determine the Capacity to Use Sugar Supplied. To test the hypothesis that T6P regulates carbohydrate utilization in plants as in yeast (15), we examined the response of seedlings to sugar feeding. First, seedlings were grown for 7 days on agar solidified 1͞2 MS medium with or without addition of 100 mM sorbitol, glucose, fructose, or sucrose (Fig. 4A) . Seedlings of all lines are not affected by 100 mM sorbitol. Seedlings expressing TPP and TPH develop much slower than wt on 100 mM glucose, fructose, or sucrose, with reduced cotyledon expansion and greening, reflected in the lower fresh and dry weight after 7 days (Fig. 4B) . Seedlings expressing TPS grow faster than wt, displaying optimum growth on sucrose (Fig. 4B) . Second, seedlings were grown on agar-solidified 1͞2 MS medium with 7% wt͞vol sorbitol (384 mM) or glucose (388 mM) or 12% wt͞vol sucrose (351 mM; Fig.  4C ). wt and transgenic seedlings all develop a little slower on 7% wt͞vol sorbitol than on medium lacking sugar. On 7% wt͞vol glucose and 12% wt͞vol sucrose, cotyledons of wt seedlings do not expand or green even though root growth is prolific. TPS expressors are similarly sensitive to the high sugar concentration, with no greening or expansion of the cotyledons after 14 days. However, growth of TPP expressors is completely arrested by high sugar (Fig. 4C) , with no hypocotyl expansion or root growth even after several months; this result also holds for TPH expressors (data not shown). Growth inhibition of seedlings expressing TPP or TPH gradually increases with rising sugar concentration (data not shown).
T6P Levels Determine the Accumulation of Respiratory Intermediates
in Seedlings. In yeast tps1 mutants, inability to grow on sugar is associated with a large build up of phosphorylated intermediates. We therefore measured dark levels of respiratory metabolites in response to feeding 100 mM sorbitol, sucrose, fructose, or glucose. Without added sugar, expressing TPS leads to a generally lower content of G6P (ms, Fig. 5 ), compared with wt. Conversely, expressing TPP leads to increased levels of G6P, F6P, and citrate (Fig. 5) . G1P, UDPG, and ATP levels are similar in all lines. Overall, differences in G6P are greatest and inversely proportional to levels of T6P in the lines. Feeding 100 mM sorbitol does not affect the levels of sugar phosphates in all lines when compared with growth on 1͞2 MS (Fig. 5) . Feeding sucrose, fructose, and glucose to wt seedlings leads to an increase in G6P and F6P. Feeding sucrose leads to hexose phosphate contents that are opposite to those of T6P: accumulation in plants with low T6P and depletion in plants with high T6P content. There are also trends in ATP content that is lowest in plants expressing TPP. Feeding fructose does not result in the significant hexose phosphate changes observed for sucrose, although fructose is as effective as sucrose for promoting growth of TPS expressors. Feeding fructose to TPP expressors leads to a large accumulation of citrate, but there is no depletion of citrate in TPS expressors on fructose, and this effect may therefore not be directly linked to T6P levels. Feeding glucose results in metabolite profiles that are ''in between'' sucrose and fructose feeding. Sugar feeding does not lead to clear differences in UDPG or G1P content between the lines. Taken together, manipulation of T6P levels affects pools of respiratory intermediates, with the effect most evident at the level of G6P and F6P analogous to the effect described in bakers yeast (15) . Feeding fructose, however, circumvents the hexokinase step and uncovers an effect further downstream in respiration. This downstream effect needs yet to be directly related to T6P. But fructose feeding leads to increased growth of TPS expressors over wt and decreased growth of TPP and TPH expressors over wt, and this effect downstream in respiration might hence also be due to changes in T6P content.
T6P Is Indispensable. Embryos homozygous for the tps1 mutation develop slower than wt and are arrested at torpedo stage, the stage at which developing seeds accumulate vast amounts of sucrose for synthesis of storage lipid and protein (7) . In light of the above results suggesting a role for T6P in carbohydrate utilization, we wondered whether T6P was critically lacking in tps1 embryos even though another 10 TPS homologues are present in the Arabidopsis genome. To test this, we introduced E. coli TPS behind a 3-kb AtTPS1 promoter previously validated in complementation experiments (data not shown) and transformed heterozygous tps1-2. The first generation transgenic (T 1 ) was selected on hygromycin, then grown on soil, and siliques of 40 T 1 plants were analyzed for presence of arrested embryos. Ten T 1 had no arrested embryos consistent with a TPS1͞TPS1 genotype. Four T 1 had an arrested to wt embryo ratio of 1͞3 consistent with a heterozygous tps1-2͞TPS1 genotype. Sixteen T 1 had an arrested to wt embryo ratio of much less than 1͞3. T 2 plants were selected on phosphinotricin for presence of the tps1-2 transposon insertion and simultaneously on hygromycin for presence of the E. coli TPS construct. PCR analysis of DNA from this T 2 generation reveals that 24 of 75 T 2 plants tested are homozygous for the tps1-2 mutation (Fig. 6A ). E. coli TPS expression hence rescues tps1-2 embryos, and viable plants are obtained at the expected frequency. E. coli TPS, consisting of a single catalytic domain, is unlikely to engage in cellular signaling processes; the result therefore points to T6P as the indispensable component in arrested tps1 embryos. Plants rescued by E. coli TPS expression and homozygous for the tps1-2 mutation appear like wt in 10 of 18 plants analyzed; the remaining plants are late-flowering to varying extent, with formation of aerial rosettes and no seed set in three plants (Fig. 6B) . Expression behind the AtTPS1 promoter is extremely low (data not shown), and the phenotypes observed are consistent with the delayed flowering observed in low T6P plants generated by expressing TPP and TPH. Discussion T6P Has a Critical Role in Plant Growth and Development. Our data provide several lines of evidence to support a regulatory role for T6P in plant growth and development. First, expression of TPP and TPH produces the same visual phenotype. TPP and TPH enzymes cleave T6P to different end products: trehalose in the case of TPP and glucose and G6P in the case of TPH. This finding suggests that cleavage of T6P rather than synthesis of the end-products is responsible for the large pale leaf phenotype of the adult plants. Also, this finding rules out a nonspecific phosphatase effect in the TPP transgenics because the phenotype obtained by the hydrolytic cleavage of T6P is the same. Second, expression of E. coli TPS, which catalyzes synthesis of T6P, produces a phenotype distinct from and opposite that of the plants expressing TPP and TPH. Plants have smaller darker green leaves in contrast to the large pale leaves of the TPP and TPH expressors. Third, expression of E. coli cytoplasmic trehalase, which results in enhanced metabolism of trehalose demonstrated through growth on 100 mM trehalose, produces a phenotype identical to wt when grown on soil. This finding further suggests that T6P, rather than trehalose, causes the opposed phenotypes of TPS and TPP or TPH expressors. The conclusion arising from the above genetic experiments was confirmed by determination of T6P and trehalose contents of leaves. TPS expressors had elevated T6P whereas TPP and TPH expressors had reduced T6P levels compared with wt. Expression of trehalase did not affect T6P content. At the same time, the trehalose content of leaves was below the detection limit and below that of T6P. This finding confirms the work of Goddijn et al. (24) , who were unable to detect trehalose in vegetative tissue of tobacco expressing otsA and otsB except when plants were fed validamycin A to inhibit endogenous extracellular trehalase. Similar observations were made in wt Arabidopsis (32) . The correlation of T6P content with phenotype in transgenics produced from three different transgenes provides strong evidence that T6P is responsible for the alterations in growth and development observed. Consistent with a regulatory role of T6P is the low micromolar range concentration measured.
An absolute requirement for AtTPS1 during embryogenesis and hence for the trehalose pathway in plants has been observed (7). However, it was unclear whether T6P, trehalose, or some other regulatory feature of TPS1, or a combination of these, were necessary. Trehalose supplied to tps1 embryos in culture failed to rescue the mutation (7), and the problem unlikely lies with trehalose import into the cells as we demonstrate that trehalose is taken up by plant cells: intracellular trehalase expression protects seedlings from the toxic effect of high trehalose in the medium (Fig. 2D) . Moreover, alpha-glycoside transporters are likely expressed during embryo development (33) , and those that have been characterized best in yeast are notoriously promiscuous (34, 35) . The tps1 mutant phenotype can be fully rescued with E. coli TPS (Fig. 6) , however, suggesting that T6P is the critical requirement. Additional regulatory functions of the yeast TPS1 complex have been suggested (36, 37) , and the large multiple domain AtTPS1 protein may well have several functions. Yet, these AtTPS1 functions seem to be dispensable for rescue of the tps1 phenotype by the single domain E. coli TPS. That T6P is indispensable for the breakdown of sucrose supplied to the embryo (7) is compatible with our observation that T6P content controls carbohydrate utilization.
T6P Levels Regulate Carbohydrate Utilization for Growth. Quite remarkably, growth of TPS expressors on sugars was significantly improved over wt whereas it was strongly inhibited in TPP and TPH expressors (Fig. 4 A, B, and C) . We are unaware of any other manipulation in metabolism that has resulted in such spectacular control of carbon resource utilization. These results may provide novel opportunities for improving crop yield via modification of metabolism.
To understand the basis of this response in plants, we tested the only known biological function of T6P except as an intermediate in trehalose biosynthesis, that as a regulator of the flux through glycolysis in yeast. Yeast mutants with lesions in TPS1 accumulate respiratory intermediates in response to glucose feeding; the resulting P i sequestration inhibits ATP synthesis and hence growth (14) (15) (16) . Arabidopsis expressing TPP might be expected to display a similar phenotype if T6P were acting in an analogous fashion. These lines already showed signs of perturbed respiratory metabolism in the absence of sugar feeding as levels of G6P, F6P, and citrate were clearly higher than in wt (Fig. 5,  ms) . After sucrose feeding, contents in G6P and F6P were inversely proportional to T6P. Differences in G1P and UDPG were small. This finding indicates an effect on glycolytic flux rather than on reactions upstream of hexokinase. Fructose feeding did not lead to changes in G6P and F6P, thus confirming that hexokinase could be responsible for accumulation of these compounds. Furthermore, sugar feeding produced trends in ATP content in parallel with effects on growth. Results therefore point to glycolysis as a site of T6P regulation in Arabidopsis. This finding would be analogous to more comprehensive studies carried out in yeast (36, 38) . In contrast to mammalian hexokinases, both yeast and plant hexokinases are not subject to physiologically relevant feedback regulation by G6P (39, 40) . In yeast, regulation by T6P may have evolved specifically to cope with sudden and large variations in carbohydrate availability, increasing the dynamic range of regulation under highly variable environmental conditions, in contrast to mammals where glucose levels are relatively constant (40) . The same could apply to plants. However, despite similarities with the yeast model, there is no evidence that T6P inhibits plant hexokinases or fructokinases assayed in vitro so far (refs. 7 and 19; unpublished results).
The Arabidopsis genome contains at least six hexokinase homologues, and EST databases show that five of these are expressed. Biochemical assays of Arabidopsis extracts do not distinguish different isoforms. We can therefore not rule out a direct control by T6P on hexokinase activity in Arabidopsis. Indirect control of hexokinase activity through regulatory systems acting at multiple sites is also a possibility. Feeding fructose led to essentially the same growth reactions as sucrose yet to no changes in G6P and F6P contents. Fructose feeding circumvents hexokinase and uncovers another site of respiratory regulation downstream of glycolysis. In yeast, the possibility of another T6P͞Tps1 regulated step beyond glycolysis has also been proposed (37) . Although our study does not allow assigning this effect to T6P yet, the possibility that T6P controls a step beyond citrate is attractive.
Respiration is required to allow efficient redox exchange between cell compartments to avoid overreduction of the photosynthetic system (41) . T6P control over respiration might therefore begin to explain the altered photosynthetic capacity measured in the plants presented here (M.P., unpublished results) and in tobacco plants expressing the same genes (42) . We examined the levels of expression of genes known to be affected by hexokinase-mediated sugar repression (43) . Expression of neither the Rubisco small subunit nor the chlorophyll a͞b binding proteins in 5-day-old seedlings was affected in the transgenics (data not shown). T6P may therefore not control this particular function of hexokinase. This result is consistent with the hypothesized link between T6P-mediated control of respiration and photosynthesis. In yeast, the exact nature of the interaction of T6P and TPS with carbohydrate utilization is only partially understood (6, 44) , and clearly much remains to be discovered in plants, too. Interestingly, a cauliflower TPS interacts with 14-3-3 proteins (45), now known as a class II TPS (J. Harthill and C. Mackintosh, personal communication). 14-3-3 binding depends on the nutritional status of cells and determines the stability of the target protein in response to carbon supply (46) . Furthermore, Arabidopsis TPSs possess putative SnRK1 phosphorylation sites, and SnRK1 is thought to be subject to regulation by G6P (47) . Such interactions provide the basis for sophisticated regulation of T6P synthesis in response to signals in the cell. If the role of T6P is conserved, the links between environmental cues such as stress and trehalose metabolism may be as well. The requirement for carefully regulated T6P synthesis to regulate carbohydrate utilization in different tissues under different conditions and at different developmental stages may explain the plethora of TPS genes found in the Arabidopsis genome.
Our results in Arabidopsis show that the T6P component of the trehalose pathway is active and indispensable in plants by regulating carbohydrate utilization and growth. This central role of T6P may be more widely conserved than previously imagined. Beyond yeasts and plants, it could well be conserved in insects: Drosophila mutated in the TPS has recently been shown to be embryo lethal (48) . There exists a particular pressing need to find the site and details of the T6P interaction in all these organisms.
